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ABSTRACT

The electrical resistivity of undoped diamond films has been measured between room
temperature and 1200 C.The films were grown by either microwave plasima CVD or
combustion flame at various different companies. It was found that the room temperature
resistivities were all around 107-10' Q-cm, which has been shown to be the apparatus-
limited value (higher resistivities cannot be measured ). Henee, these resistivity
measurements cannot indicate which of the films, which all have very simifar Raman
spectra, arc of the best quality. Also. sample treatment (such as as-fabricated, heat treated.
cleaned, cte. ) will effect the room temperature electrical resistivity because of different
surface conditions. On the other hand high temperature measurements up to 1200 ¢
clearly do show differences for samples that had the same clectrical resistivity at room
temperature. The high temperature resistivities varied from about one order of magnitude
lower than that for natural type Ha diamond to about two orders of magnitude greater
over the whole temperature range with activation energies between 1.5 and 1.6 ¢V, These
high temperature measurements are thus very helpful in determining the quality of
undoped diamond films.

INTRODUCT ON

The quality of liamond films synthesized by CVD,arcjet and combustion {lame has
improved greatly over the past few years. This improved quahty has been observed
optically (very clear diamond {ilims) and in the Raman spectra that are now nearly the
same or even identical to that for natural diamond (without the additional peaks indicative
of nondiamond phases such as graphite, amorphous carbon cte.). Also, the thermal
conductivity and clectrical resistivity of diamond films have approached, equaled and in
some cases excecded that for the best natural type Ha diamonds [1,2]. However, there 1s
no quick and accurate method of determining the quahity of a diamond {ilm. The Raman
spectrum is sensitive o sp7 bonded carbon (non-diamond carbon) but not other defects



while the room temiperature thermal conductivity, which is not casy to measure
accurately, is determined by impurity, grain boundary, and phonon-phonon scattering. So
a high purity small prain size film could have a very low thermal conductivity . The
clectrical conductivity is very sensitive to all impurities and defeets involved i the
conduction process but at room temperature the Jowest conductivities (of the best
samples) exceed the limits of the measuring, apparatus [3] so cannot be determined. In

addition, room temperature resistivity measurements depend on the condition of the
surface of the film |2.3] making interpretation of the data very difficult. However, the
conductivity of diamond increases with icreasing temperature making measurements
casier at higher temperatures. As a result, high temperature (up to 1200 C) electrical
conductivity data can be used as one of the main determinants of the quality of diamond
films as the results presented in this paper will show.

FXPERIMENTAL DETAILS

The experimental approach utilized for resistivity measurements has been described
clsewhere [3]. Briefly, the resistivity is measured perpendicularly through the sample.
which is placed in an alumina holder. The top and bottom clectrodes are indium foils,
with the sample resting on one foil and the second foil pressed against the sample by
means of a niobium rod (with a small weight placed on 11). Iridium was used since it doces
not form a carbide with the diamond at the temperatures used in the measurements. This
type of electrode configuration doces result in ohmie behavior in the ranpe of voltapes
used (1100 V1o - 100 V) [3.4]. A Keithley 617 clectrometer (high output impedance)
was used for the measurements. Originally a guard ring was used on the larger samples
but it was found that identical results were obtained without a puard ring on the heating
curve up to 1200 C as long as the data were taken within a period of several hours, This
result made 1t possible to dispence with the guard ring, which is an advantage since it is
very difficult to use on small and irregularly shaped samples. The vacuum level in the test
station was 1072107 Torr,

The diamond films were supplied by several di fferent companics. Crystallume supplicd
two samples: the first (6 pum thick on Si) was grown a few years apo using their then
standard process while the sccond one w as a free standing, clear, cololess film 300 pum
thick grown recently by microwave plasma CVID) using theithigh purity technique. The
Norton sample was a free standing greyish film 1.1 mm thick grown by their argjet
process. The 1 .ockheed sample was a clear free standing film 80 pum thickprownusing,
their combustion flame technique. Finally, the Raythconsample was a clearfree standing
film 660 pum thick grown using their microwave plasma CVI) technique. All the samples
except tile first Crystallume sample were polished (at least on one side) and cleancd
before mcasurement.Ramanspectrawerce also taken after growth.

EXPERIMENTAL RESULTS AND DISCUSSION



The electrical conductivity versus inverse temperature between room temperature and
1000-1200 C for the two Crystallume, the Norton and the Raytheon diamond filims are
shown in figure 1 and for the Lockheed film in fipure 2. The conductivity of natural type
Ila diamond is shown for comparison. The conductivity of this natural diamond is
approximately constant in the KO T
200 C. This is the “apparatus-Timited™ value which is the lowest conductivity the
apparatus will measure and represents the leakape currents around the sample through the
holder [3]. All samples, except the first Crystallume sample, also show this “apparatus-

A
Q2 em range between room temperature and

limited” value with the sccond Crystattume, the Tockheed. and the Raytheon samples
having this value up to the 200-300 C range while the Norton sample has it up to about
130 C. These four samples thus all have resistivities that would be expected to be preater
than 10'°Q-cm at room temperature. This is a great improvement over samples grown
only a few years ago (as a comparison with the first Crystallume sample clearly shows).
The fact that three of the films have lower conductivities than that for natural type a
diamond over the whole temperatuare range, indicates that these polycrystalline films have
less defects (that are involved in the conduction process) and are thus purer than a pood
quality single erystal diamond. The Norton sample was not made with purity in mind but
was made for thickness. The slightly higher conductivity for this sample in the 150-1000
C range shows that eventhough four of the samples all have the same “apparatus-limited”
room temperature conductvity, the high temperature conductivities can differ by 2 to 3
orders of magnitude. Similarly, the first Crystallume sample has a room temperature
conductivity of about 10770 e which s right at the Init of the apparatus, but has a
very noticeably higher conductivity at higher temperatares. These results thus clearly
indicate that the room temperature resistivity measurement by itself 1s not sufficient to
determine the quality of a diamond {ilm. Also, the Raman spectra of all the samples were
all ncarly equal to if not identical to that for natural diamond (with no additional peaks).
Henee, the Raman spectra alone cannot indicate the comparative quality of the films as
high temperature resistivity data can. 'The activation energies of the four low conductivity
films and of the natural a diamond are all in the 1.50-1.60 ¢V range. This enerpy is
believed 1o be associated with the isolated substitutional nitrogen |51

The cooling curves for the five samples are notshownin figures Tand 2butcooling
curvesare show for the Norton sample in figure 3. The cooling curvestorthe other
samples were very similar and were omitted for clarity. Thehigher conductivity on the
cooling curve is due to surface leakape paths that result from surface reconstruction
(above about 900 C) and surface graphitization. This non-diamond carbon surface
contaminant can bcremovedin concentrated acids, restoring the orig inallow
conductivitics. Re-heating the samples then resulted in data falling exactly on the original
curves. Other contaminants as Well as non-diamond carbon will also resultin higher
conductivitics. This can clearly be sceninfigure3wherethe conductivity for the film in
the as-received condition (not cleanced after polishing and cutting) has a high conductivity
(about 10“1 'O'em™) while afteran acid clean the conductivity drops to the “apparatus-
limited” value. Based on this result it is suspected that numerous room temperature
electrical resistivity results, reported in the literature, probably wer e measured on “dirty”



samples so were not indicative of the true resistivity of the samples. As a point of terest
a few years ago the samples we measured only had room temperature conductivities in
the 107" 10 1070 em™! range [3] and the conductivities only approached that of natural
diamond at the highest temperatures. ‘The quality of the current diamond films 1s thus
significantly better than those synthesized only a few years ago.

Hydrogen adsorbed to the diamond film surface, as a result of the synthesis in a
hydrogen-hydrocarbon atmosphere, also results in a higher conductivity with a different
{cmperature hehaviour, if 1t is not removed. An as-fabricated microwave plasma CVD
diamond film grown at North Carolina State University had a conductivity that was
approximately constant at 1070 em! between room temperature and 300 C and then
followed the conductivity for the natural diamond up to 1000 C. On the cooling curve the
conductivity came back to 1050 em™ at room temperature [2]. The lower conductivity
“ thus the real conductivity of the film. The adsorbed hydrogen, which had probably
come off by 300 C, has a pronounced effect and underestimates the resistivity of the
diamond film if only room temperature values arc mcasurcd.

The effect of surface finish on the measured conductivity was found to have only a shpht
cffeet as is shown in figure 2 for the Lockheed sample. This combustion flame grown
{ilm had a polished side (where the substrate was removed) and a rough side (growth
side). The conductivity of the sample with the polished side up is as low as that found for
the Crystallume and Raytheon samples (sce figure 1), but is about one order of magnitude
higher than that found with the rough side up. This lower conductivity is believed to be
duc to the top iridium electrode foil, which 1s pressed against the sample, only making,
contact with the diamond crystallite peaks and top facets, so not making uniform contact
over the full arca of the foil. In the case of the polished surface uniform contact is very
likely made over the wholce foil arca and the correet conductivity measured. This was
confirmed by putting a graphite cement contact, of the same size as the top Ir foil. on the
polished side and then performing the measurement as usual. The conductivity was found
(0 be the same as before as shown in figure 2. Care should thus be taken when measuring
rough diamond surfaces. The advantage of using press contacts, rather than bonded
contacts. is that the diamond film is in no way affccted so can be used for other tests or
measurements.

S IMMARY

The electrical conductivity of five diamond films has been measured between room
temperaturc and 1000-1200 C. iventhough the room temperature conductivitics were all
very similar and equal to the “apparatus-limited” valuc of 10 10 1070 em™, the highe
temperature conductivities differed by up to several orders of ma mitude. The Raman
speetra of the films were all very similar. These results thus indicate that high
temperature cleetrical conductivities (determined by the impuritics and defects involved
in the conduction process) are very helpful in determining the purity and relative quality
of undoped diamond films

1 has also been shown that the room temperature electrical




conductivity of a diamond film with a “dirty”™ surface (contammants, non-carbon
diamond, adsorbed hydrogen cte.) can be up (o six orders of magnitude higher than that
for a film with a cleaned surface.
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FIGURE CAPTIONS

Figure 1. Electrical conductivity plotted as a function of reciprocal temperature for four
diamond films: Crystallume-1, 6 pum thick on Si, Crystallume-2, free standing 300 jum
thick, Norton, free standing 1.1 mm thick, and Raytheon, frce standing 660 pum thick. The
conductivity of a natural type Ha diamond is also shown. The conductivities at room
temperature are the “apparatus-limited” values. Two of the samples have a conductivity
lower than that for natural diamond over the whole temperature range, indicating that
they have less defeets so are purer than natural diamond.

Figure 2. Electrical conductivity plotted as a function of reeiprocal temperature for a free
standing Lockheed diamond film 80 pim thick. Data for a natural type Ha diamond are
also shown. The conductivity was measured with the polished side up. the rough side up,
and with a graphite cement contact instead of the usual Ir foil contact. The conductivities
were all Jower than that for the natural diamond indicating, that the diamond film sample
has less defects and so 1s purer.,

Figure 3. Electrical conductivity plotted as a function of reciprocal temperature for a free
standing Norton diamond film 1.1mm thick. Data for a natural type Ja diamond are also
shown. The conductivity of the film with a “dirty” surface (contaminants and non-
diamond carbon) was found to be at least four orders of magnitude preater than that for
the f1lm with a cleaned surface.
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